evolution from differentially labeled succinate indicated that A. brasilense Sp 7 had a complete tricarboxylic acid cycle. Assimilation of most of the radioactivity from labeled succinate, pyruvate, and acetate into lipids suggested a strong anabolic metabolism and the presence of an active malic enzyme or phosphoenolpyruvate carboxykinase. The distribution of radioactivity from differentially labeled pyruvate showed that gluconeogenesis competed with pyruvate dehydrogenase. Uptake and incorporation of labeled acetate also indicated the presence of a glyoxylate cycle in A. brasilense Sp 7. Azospirillum spp. are ubiquitous, motile, gram-negative soil microorganisms found in close proximity to the roots of tropical forage grasses, legumes, and grain crops (14) . Nitrogen fixation by both species of Azospirillum, A. brasilense and A. lipoferum, in association with sugar cane (4), Panicum maximum (5) , rice (17) , sorghum (19) , corn (16) , Cynodon dactylon (10) , and others have been detected by acetylene reduction assays.
A. brasilense Sp 7, previously described as Spirillum lipoferum, is reported to form colonies and fix nitrogen under microaerophilic conditions when provided with malate, succinate, lactate, or pyruvate (11) . However, it cannot utilize glucose as a carbon source for growth or nitrogen fixation. Glycolytic sugars fail to enhance oxygen uptake in both cell-free extracts and intact cells (12) . A pathway has also been identified for the metabolism of arabinose to axketoglutarate (9) . Crude extracts of A. brasilense Sp 7 were found to exhibit Entner-Doudoroff glycolysis, the anabolic Embden-Meyerhof-Parnas pathway, as well as the amphibolic triosephosphate enzymes (18) . In contrast, A. lipoferum forms colonies and fixes nitrogen in semisolid N-free medium containing biotin with either glucose or succinate as its sole carbon source (14) .
A. brasilense is capable of both assimilatory and dissimilatory nitrate reduction under anaerobic conditions (8) . In the absence of oxygen, nitrite accumulates in the medium. Thirty strains of A. brasilense have been identified which can further reduce nitrite to gaseous nitrogen (7). In contrast, neither fumarate, sulfate, nor ferrous ions could act as an alternative electron acceptor (2) . Oxygen is the preferred electron acceptor, but low levels of nitrogen fixation can also be supported by nitrate respiration (2, 8) .
Because Azospirillum spp. have the potential to make a major contribution to the soil nitrogen balance, a great deal is known about their nitrogen fixation activity. Additional progress in this area depends on a better understanding of the physiology of Azospirillum spp., since that is likely to be a major determinant of their nitrogen fixation activity. For Respirometry. Oxygen consumption was measured by the "direct method" of Warburg (15) . A 2-ml amount of cell suspension in basal medium, preadjusted to contain 1 mg of cell protein, was added to calibrated respiratory flasks of a Warburg-Barcroft apparatus. A carbon source, either glucose or succinate, was added to one sidearm in a volume of 0.5 ml of buffer. The difference due to the exogenous carbon source was expressed in micromoles of oxygen consumed. Each experiment, consisting of one species of Azospirillum and one carbon source, was replicated three times.
Uptake, respiration, and metabolism of carbon compounds.
A 5-ml amount of cell suspension, adjusted to contain 5 mg of cell protein, was added to 25-ml reaction flasks (Kontes). mCi/mM), [3- 14C]pyruvate (18.3 
and [2-14C] acetate (57 mCi/mM). Cells were incubated in the metabolic flasks as described previously for 90 min.
Fractionation of labeled cells. Whole cell uptake was determined by filtering 50 pI to 100 pI of the cell suspension through plain cellulose-triacetate 0.45-pLm filters (Gelman). Filters were washed with acidified AZO basal salt medium (pH 3) and dried overnight at 60°C. Cells were solubilized with an NCS tissue solubilizer (AmershamSearle) at room temperature for 20 min and assayed for the incorporation of 14C-labeled compounds by liquid scintillation.
To fractionate the cells, 5 ml of the cell suspension was centrifuged, and a sample of the medium was taken from the supernatant. The cell pellet was washed once in buffer and sequentially extracted by a modified Roberts' fractionation (13), consisting of 5 ml of cold 5% tricarboxylic acid (TCA) at 4°C for 30 min, 5 ml of chloroform-methanol (2:1) at 45°C for 45 min, and 5 ml of hot 5% TCA in a boiling water bath for 30 min. The hot TCA-insoluble fraction was hydrolyzed by boiling in 0.1 N NaOH for 10 min. (Fig. 1) . Glucose would not support the growth of this species even in the presence of a reduced nitrogen source. The doubling time for A. lipoferum Sp 59b on media containing succinate and glucose was 69 min and 223 min, respectively. Although equimolar amounts of succinate and glucose were used, the growth rate of A. lipoferum Sp 59b was slower in glucose medium, and growth terminated earlier than with succinate.
The respiratory activity of both Azospirillum species are summarized in Fig. 2 . The optimal rate of respiration by A. brasilense Sp (Table 3) . Two-thirds of the carboxyl carbon of acetate and one-half of the methyl carbon which had been incorporated into the cell evolved as 14CO2. After the cells were fractionated, most of the radioactivity was found either in the lipid fraction or the hot TCA-insoluble fraction containing mostly cell wall material.
DISCUSSION
One of the criteria by which A. brasilense Sp 7 had been classified as distinct from A. lipoferum Sp 59b is its inability to form colonies by using glucose as the sole carbon source (14) . These findings are based on colony growth on N-free semisolid medium containing "starter" components such as yeast or soil extracts. Oxygen consumption by A. brasilense Sp 7, which is stimulated by the addition of a variety of organic acids, does not respond to additions of glycolytic sugars in either intact cells or cell-free systems (12) . In a completely defined liquid AZO medium containing succinate, A. brasilense Sp 7 exhibited a short generation time of 43 min (Fig. 1) predict that the C-1 and C-4 carbons of succinate will evolve as CO2 immediately, whereas the release of the C-2 and C-3 carbons would be slow and exhibit a slight lag. This is exactly the pattern of 14CO2 evolution measured in Fig. 3 .
Since the anabolic route results in decarboxylation of both the labeled carbons from [1,4-14C] The pattern of carbon dioxide evolution from A. brasilense Sp 7 incubated in differentially labeled pyruvate showed that it had an active pyruvate dehydrogenase complex ( Table 2 (Table 3) , the distribution of radioactivity was similar to the labeling patterns of pyruvate ( 
